A new series of spiro-oxindoles that were identified based upon their ability to inhibit methionine tRNA synthase (PDB ID: 1PFV) and glucosamine-6-phosphate synthase (PDB ID: 1JXA) enzymes in virtual screening was synthesized by a three-component 1,3-dipolar cycloaddition method. The reaction proceeds through the formation of azomethine ylides generated in situ by the decarboxylative condensation of isatin and amino acids with dipolarophile chalcones. 
Introduction
For many centuries, bacterial and fungal infections have been a major cause of death in humans. Although several antimicrobial agents are available, developing multidrug resistance demands a critical need for the development of new specific antimicrobial drugs.
Spiroheterocycles acquired a special place in the heterocyclic field due to highly pronounced pharmacological activities. Spiro-oxindole derivatives possess antimicrobial, antitumour, anticonvulsant, potential antileukaemic, local anaesthetic and antiviral activities [1] [2] [3] [4] [5] [6] . Therefore, we planned to synthesize new spirooxindoles and screen them for both in vitro and in silico antibacterial and antifungal activities.
Among essential proteins, prokaryotic aminoacyltRNA synthetases (ARSs) have attracted attention as potential antibacterial targets [7] . ARSs exist in all living organisms and catalyse the attachment of amino acids to transfer RNAs (tRNAs), which are the adaptors required for the information flux from messenger RNA templates to polypeptide chains [7] . Methionyl-tRNA synthetase (MetRS) is one of the aminoacyl-tRNA synthetases that acylates methionyl-tRNA with methionine. MetRS has an essential function in the core biological process of translating nucleotide-encoded gene sequences into proteins [8] . Comprehensive attempts to identify compounds that can specifically target bacterial MetRSs and inhibit bacterial growth have been recently investigated [7] .
The enzyme glucosamine-6-phosphate synthase is a new target for antifungals [9] [10] [11] . This complex enzyme catalyses complex reaction involving ammonia transfer from l-glutamine to fructose-6-phosphate followed by isomerisation of the formed fructosamine-6-phosphate to glucosamine-6-phosphate [12, 13] . This is the first step of the pathway leading to the formation of UDP-GlcNAc, a product that is present in all classes of organisms. UDPGlcNAc is utilized to build macromolecules necessary for cell wall assembly, such as chitin and mannoproteins in fungi and peptidoglycan in bacteria. In mammals, UDP-GlcNAc is used for the biosynthesis of glycoproteins and mucopolysaccharides. Despite of the fact that glucosamine-6-phosphate synthase is present in all types of cells, it may be exploited as a target for potential antifungal drugs, and selective toxicity can be achieved [14, 15] . Obviously, glucosamine-6-phosphate, the product of this enzyme, is indispensable for fungi and human cells; however, the consequences of its deficiency in both species are very different. Even brief inactivation of GlcN-6-P synthase is lethal for fungal cells, whereas depletion of the aminosugar pool for a short time is not lethal in mammals given the longer lifespan of mammalian cells, long half life time of GlcN-6-P synthase and rapid expression of the mammalian gene encoding the enzyme GlcN-6-P synthase [16] . Hence, a docking study with respect to antibacterial and antifungal activities was performed on the newly synthesized spirooxindoles for better understanding of the drug-receptor interaction, and the results of such studies are reported.
Experimental

Materials and methods
Melting points were determined in open capillary tubes and are not corrected. Merck silica gel 60 F 254 -coated aluminium plates were used to assess the purity of the compounds by thin layer chromatography. Shimadzu-FTIR Infrared spectrometer in KBr ( max in cm −1 ) was used to record FT-IR spectra. 1 H NMR (400 MHz) 13 C NMR (100 MHz) spectra were recorded on a Bruker AMX 400 spectrometer with 5-mm PABBO BB-1H TUBES using TMS as an internal standard. LCMS were determined using Shimadzu LCMS-8030/Agilent 1200 series LC and Micromass zQ spectrometer. Elemental analysis was performed using VARIO EL-III (Elementar Analysensysteme GmBH).
General procedure for the synthesis of spiro-oxindole derivatives
A mixture of isatin (0.01 mol, 1.4 g), chalcone (0.01 mol) and amino acids, such as glycine/serine/leucine (0.01 mol), was dissolved in ethanol and refluxed for 24 h. Reaction completion was monitored by TLC. Then, the reaction mixture was cooled and poured slowly onto the crushed ice. The solid product was filtered, washed with water, dried and recrystallized from ethanol.
3 -[(4-Fluorophenyl)carbonyl]-4 -phenylspiro[indole-3,2 -pyrrolidin]-2(1H)-one (3a)
IR ( 
4 -(4-Bromophenyl)-3 -[(4-fluorophenyl)carbonyl]-5 -(hydroxymethyl)spiro[indole-3,2 -pyrrolidin]-2(1H)-one (3e)
3 -[(4-Fluorophenyl)carbonyl]-5 -(2-methylpropyl)-4 -(phenyl)spiro[indole-3,2 -pyrrolidin]-2(1H)-one (3f)
4 -(4-Chlorophenyl)-3 -[(4-fluorophenyl)carbonyl]-5 -(2-methylpropyl)spiro[indole-3,2 -pyrrolidin]-2(1H)-one (3 g)
4 -(4-Bromophenyl)-3 -[(4-fluorophenyl)carbonyl]-5 -(2-methylpropyl)spiro[indole-3,2 -pyrrolidin]-2(1H)-one (3 h)
Pharmacology
Antimicrobial activity
The in vitro antimicrobial activity of newly synthesized spiro-oxindole derivatives was assessed using a reported method [17, 18] . The spiro-oxindoles were evaluated for antibacterial activity against Gram-positive Staphylococcus aureus, Gram-negative Escherichia coli and antifungal activity against Aspergillus niger and Aspergillus flavus. The compounds were tested at 40 g/mL against both bacterial and fungal strains. Ciprofloxacin and fluconazole were used as standard drugs for comparison of antibacterial and antifungal activities, respectively. The zone of inhibition was compared with standard drug after 24 h of incubation at 37 • C for antibacterial activity and 72 h at 25 • C for antifungal activity.
Molecular docking study
A rigid body docking was performed with HEX 6.3 software [19] by spherical polar Fourier (SPF) transform, FFT steric scan, FFT final search and MM refinement. The methionine tRNA synthase (PDB ID: 1PFV) enzyme structure and glucosamine-6-phosphate synthase (PDB ID: 1JXA) enzyme structure of E. coli was downloaded from the PDB. Upon acquiring the glucosamine-6-phosphate synthase and methionine tRNA synthase coordinates via the internet, water molecules and ions were removed using the Argus Lab tool before performing the docking. The corresponding CIF files of derivatives were converted into PDB files using Argus Lab. These PDB structures are used for docking studies using HEX software [19] . The ligand proved to be best inhibitor when ligand-receptor dock each other well with higher negative energy of binding.
Antitubercular activity
The antitubercular activity of newly synthesized compounds was assessed against Mycobacterium tuberculosis according to the reported method [20] . The minimum inhibition concentration (MIC) was defined as lowest drug concentration that prevented the colour change from blue to pink.
DPPH radical scavenging assay
Free radical scavenging power of the newly synthesized spiro-oxindoles was measured by DPPH using the reported method [21] . The ability to scavenge the DPPH radical was calculated using the following equation:
where A 0 is the absorbance of the control reaction and A 1 is the absorbance in the presence of the samples or standards. Each sample was assayed at 1 mg/mL, and all experiments were performed in triplicate.
Results and discussion
Chemistry
The synthesis of five-membered ring by the cycloaddition of a 1,3-dipole to an alkene is a classic reaction in organic chemistry. The 1,3-dipole (azomethine ylide) generated by the decarboxylative condensation of isatin and amino acids reacted with dipolarophile chalcones containing exocyclic double bond to afford spiro-oxindole ring systems. Thus, synthesis of new spiro-oxindole derivatives was performed via the multicomponent reaction of chalcones with isatin and various amino acids in ethanol. The synthetic route is depicted in Scheme 1. The structure of the products was identified by FTIR, 1 H-NMR, 13 C-NMR and LCMS data. The structure and regiochemistry of the products were confirmed by spectroscopic analysis. The structure of the newly prepared compounds was proposed by referring to the literature [22, 23] . The 1 H NMR spectra of the compounds present only one set of signals and were comparable with that of the literature. Hence, it is confirmed that the single stereoisomer is formed given that the reaction is regioselective under the mentioned conditions. A proposed mechanism for the formation of spirooxindoles is presented in Scheme 2. All reactions proceeded chemoselectively given that the addition of the dipole occurred only to the available C C bond rather than C O functional group of chalcones. Additionally, all reactions were regioselective due to the preferential attack of the nucleophilic carbon of the azomethine ylide to the end of the enone fragment of dipolarophile chalcone. In addition, all reactions proceeded via complete stereoselectivity, leading to the production of a single stereoisomer despite the presence of numerous stereocenters in the cycloadducts [24] .
In the IR spectra of the spiro-oxindole derivatives, a strong absorption band at approximately 3300 cm −1 was due to N H stretching. The appearance of absorption bands in the regions of 1700 cm −1 and 1650 cm −1 were due to (4-fluorophenyl)carbonyl and amide carbonyl groups, respectively. The 1 H NMR spectra confirmed the formation of spiro-oxindoles. In the 1 H NMR spectrum of 3a, the presence of a singlet at ␦ 9.8 ppm accounted for the NH proton in the indole ring, whereas pyrrolidine NH resonated at ␦ 4.04 ppm as a singlet. A multiplet in the region ␦ 2.9-3.1 ppm was due to the protons of CH 2 group of the pyrrolidine ring. One more mutiplet in the range of ␦ 4.43-4.55 ppm was due to the CH proton of C-4 . The proton of C-3 resonated as a doublet at ␦ 4.16 ppm (J = 11.0 Hz). The signals due to aromatic protons appeared in the region ␦ 6.72-7.46 ppm as a multiplet. The 13 C NMR spectrum of the spiro-oxindole derivative 3a displayed signals at ␦ 178.41 ppm and ␦ 202.16 ppm due to the amide and keto carbonyl carbons, respectively. The signals due to aromatic carbons appeared in the region ␦ 110.12-166.63 ppm, whereas the aliphatic carbon signals appeared in the region ␦ 29.51-56.54 ppm. The signal for spiro-carbon was observed at ␦ 67.60 ppm and confirmed the formation of a spiro-oxindole derivative. Further, mass spectrum analysis of compound 3a revealed a molecular ion peak at m/z 387.1 (M + +1) in accordance with the molecular formula C 24 H 19 FN 2 O 2 , thus confirming the structure. Similarly, the structures of all other newly synthesized compounds were confirmed by their spectral and analytical data. The characterization data for all newly synthesized products 3a-h are summarized in Table 1 .
Pharmacology
Antimicrobial activity
The newly prepared spiro-oxindole derivatives were tested for their antimicrobial activity against Gram-positive Staphylococcus aureus (ATCC 6538), Gram-negative Escherichia coli (ATCC 8739) and two Table 2 Antimicrobial activity data of spiro-oxindole derivatives: MIC in g/mL (zone of inhibition in mm). 20 (20) 20 (23) 20 (21) 20 (20) 3g 20 (22) 20 (21) 20 (22) 20 (20) 3h 30 (20) 20 (21) 30 (21) Table 2 . All other compounds exhibited moderate or less antifungal activity. Hence, compounds 3f and 3 g exhibited noticeable antimicrobial activities towards all the tested species. In general, it could be concluded that different functionality present in the molecules contributed to the antimicrobial activity of newly prepared compounds via different mechanisms.
Compound
Staphylococcus aureus
Molecular docking studies
Docking permits the virtual screening of a database of compounds and predictions of the strongest binders based on various scoring functions. Docking explores the methods by which two molecules, such as receptors, drugs and enzymes, including methionine tRNA synthase (PDB ID: 1PFV) or glucosamine 6-phosphate synthase (PDB ID: 1JXA), fit and dock well to each other similar to pieces of a three-dimensional jigsaw puzzle. Molecules bound to a receptor inhibit its function and thus act as drugs. Docking analysis was performed on the newly synthesized spiro-oxindole derivatives against methionine tRNA synthase (PDB ID: 1PFV) (Fig. 1 ) and glucosamine-6-phosphate synthase (PDB ID: 1JXA) (Fig. 2) [19] .
Docking results of screened spiro-oxindole derivatives 3a-h with selected receptors, i.e., methionine tRNA synthase (PDB ID: 1PFV) and glucosamine-6-phosphate synthase (PDB ID: 1JXA) enzymes from E. coli, are provided in Table 3 . In addition, the docking results depicting the position/orientation of the active compounds with methionine tRNA synthase and glucosamine-6-phosphate synthase are presented in Figs. 3-7 . The negative energy value (Table 3) indicates the binding energy required by inhibitor molecules. The higher the negative energy, the less energy required by the compound to bind the target. Compound 3f is more efficient for methionine tRNA synthase among the compounds docked with a minimum total energy value of −266.57 followed by the compound 3g (energy value −255.44). The compound 3g is more efficient for glucosamine-6-phosphate synthase among the compounds docked with a minimum total energy value of −288.54 followed by 3h (energy value −287.16) and 3f (energy value −282.21). This in silico study correlates well with in vitro antimicrobial activity results and supports the overall outcome of the study.
Antitubercular activity
The Microplate Alamar Blue Assay (MABA) method was used to evaluate the in vitro antitubercular activity of the synthesised compounds against Mycobacterium tuberculosis. The minimum inhibitory concentration (MIC) was determined, and the results obtained were compared with the standard drugs pyrazinamide and streptomycin (Table 4) . 
DPPH radical scavenging assay
The radical scavenging capacity of the newly prepared spiro-oxindoles was evaluated using the DPPH radical scavenging method. The results are summarized in Table 5 .
The free radical scavenging power of spiro-oxindoles can be attributed to NH or OH groups present in the molecules. Among the newly synthesized compounds spiro[indole-3,2 -pyrrolidin]-2(1H)-one 3e exhibited high radical scavenging capacity at a concentration of 1 mg/mL compared with the standard glutathione. All other compounds exhibited moderate radical scavenging capacity.
Conclusions
A new series of regioselective spiro-oxindole derivatives were synthesized by the multicomponent reaction of chalcones, isatin and amino acids without any catalyst. The structures of the newly synthesized compounds were characterized by spectral and analytical data. All the newly synthesized compounds were screened for their in vitro antimicrobial, antitubercular and DPPHscavenging properties. Among the tested compounds, derivatives 3f and 3g exhibited noticeable antimicrobial activity. Compounds 3a, 3e and 3g exhibited significant antitubercular activities, whereas derivatives 3b, 3d and 3e exhibited high DPPH radical-scavenging properties. With respect to antimicrobial activity, the compounds were docked with methionine tRNA synthase (PDB ID: 1PFV) and glucosamine-6-phosphate synthase (PDB ID: 1JXA) enzymes from E. coli to predict their putative interactions. The in silico study correlated well with in vitro antimicrobial activity results, supporting the overall outcome of the study.
